Some wild isolates of Neurospora show microcycle conidiation in liquid culture under continuous agitation. Macroconidia from agar-grown mycelial cultures germinated in liquid and the germlings spontaneously produced conidia with no intervening mycelial phase. Three types of microcycle conidiation were seen among progeny of N. crussu Vickramam A x N. crussu u wild-type: (1) multinucleate blastoconidia produced by apical budding and septation, (2) multinucleate arthroconidia produced by holothallic septation and disarticulation of cells, and (3) uninucleate microconidia produced directly from conidiogenous cells of the germlings. Two genes were identified which control specific patterns of microcycle conidiogenesis. A single gene rncb in linkage group VR near uf-3 (3.2% recombination) controls blastoconidiation. This gene is epistatic to gene rncrn located in linkage group IIL, very near ro-7 (1.4 %). rncrn controls both microconidiation and arthroconidiation depending on temperature. Strains of genotype rncrn produce microconidia almost exclusively at 18-22 "C, but arthroconidia with few or no microconidia at 30 OC. Because they result in rapid and synchronized conidiation in liquid culture, the two genes should be useful for studies of developmental gene regulation. rncrn makes it possible to obtain large quantities of pure microconidia rapidly for experimentation.
Introduction
Neurospora crassa is a pleomorphic fungus producing three types of vegetative spores from the same mycelium : multinucleate blastoconidia and arthroconidia (collectively called macroconidia), and uninucleate microconidia. Their sequence of development on agar medium, assumed to be uniform in all conidiating species and wild strains, is roughly as follows (Dodge, 1932; Springer & Yanofsky, 1989) . Two to four days after the initiation of growth and the development of a mycelial mat, blastoconidia are produced on branched aerial conidiophores by successive apical budding. They constitute the majority of conidia produced in agar cultures. Approximately 10-12 h later, extra septa appear in the hyphal region adjacent to the conidiophores. These thicken and undergo separation resulting in the ultimate disarticulation of hyphae into arthroconidia. In 8-10d, microconidia are produced directly from individual cells of either unbranched or branched microconidiop hores which arise from the surface mycelium. This sequence of asexual conidial development is believed to be induced in response to carbon or nitrogen limitation in the medium.
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An abbreviated developmental process, referred to as microcycle conidiation, has been induced in some strains of N . crassa under specially manipulated experimental conditions (Cortat & Turian, 1974; Guignard et al., 1984) . In microcycle conidiation, the conidial germlings enter into the asexual reproductive phase without the typical intervening mycelial phase. This phenomenon was first observed by Anderson & Smith (1971) in submerged conidia of Aspergillus niger which had been exposed to a temperature supraoptimal for growth before incubation at the permissive growth temperature. The thermal treatment caused the conidia to enlarge, and when the temperature was subsequently lowered the conidia produced one or more conidiophores with little or no vegetative mycelium. Synchronized microcycle conidiation in a homogeneous liquid system should provide some major advantages over heterogeneous surface-grown mycelial cultures, enabling specific developmental phases to be obtained in quantity for treatment and study.
Microcycle conidiation has also been described in Penicillium species (Zeidler & Margalith, 1973 ; Sekiguchi et al., 1975; Van Gestel, 1983) , Paecilomyces variotii (Anderson et al., 1978) , Claviceps purpurea (Pazantova et al., 1978) , Trichoderma harzianum (Zuber & Turian, 198 1) and Acremonium diospyri (Saviour, 1981) as well as in some actinomycetes (Kloepsel & Ensign, 1984; Daza et ul., 1989) . The phenomenon has also been reported under the terms 'precocious sporulation' (Boosalis, 1962) , 'lag-phase sporogenesis' (Hennessy & Cantino, 1972) , 'premature conidiation' (Cortat & Turian, 1974) and 'paedogenetic conidiation' (Plesofsky Vig et al., 1983) . The key features of microcycle conidiation have been studied in Aspergillus niger by Smith et al. (198 1) and in Neurosporu crassa by Turian and his associates (Rossier et al., 1977; Ton That & Turian, 1978; Guignard et al., 1984) . In almost all species studied, the phenomenon is inducible by the manipulation of physical and/or chemical conditions of culture and is therefore not an obligatory phase in the life cycle of the organism. Moreover, the process is usually discontinuous since a new batch of conidia prepared through a mycelial culture must be used as inoculum for inducing microcycle conidiation. An exception to this has been reported in Epichloe typhina (Bacon & Hinton, 1988) , but in this case the process was initiated by ascospores rather than conidia. Kdmark (1985) was successful in producing continuous microcycle conidiation mutants in Fusarium solani f. sp.pisi. N . crassa offers many advantages for studying the mechanisms of sporulation, with its huge resource of genetic, molecular and developmental information. Valuable information is available on conidiation (Urey, 1971 ; Turian & Bianchi, 1972; Berlin & Yanofsky, 1985; Springer & Yanofsky, 1989) . A wild isolate of N . crassa was found which showed spontaneous microcycle conidiation in liquid medium under constant agitation (Maheshwari, 1989) . This strain has been used to derive microcycle-conidiating strains which show specific patterns of conidiogenesis and to identify genes which control conidiogenesis.
Methods
Strains. Neurospora strains from nature used in this study were either isolated from soil in India (Maheshwari & Antony, 1974; Palanivelu & Maheshwari, 1979) or collected from burned substrates in the tropics (Perkins & Turner, 1988) . Standard wild-type strains 74-OR-23-IVA (FGSC 2489) and 74-ORS-6a (FGSC 4200) were provided by the Fungal Genetics Stock Center, Department of Microbiology, University of Kansas Medical Center, Kansas City, Kansas 66103, USA. All linkage testers and mutant marker strains used in this study were from D. D. Perkins, Stanford University, USA (see Perkins et al., 1982) .
Species identification of wild strains was made by crossing to species testers recommended by Perkins & Turner (1988) . A few strains were identified as N. discreta by crossing them with newly constructed tester strains of this species (R. Maheshwari, unpublished results). All crosses involving wild strains were made on synthetic cross medium (Westergaard & Mitchell, 1947) , incorporating filter paper strips as the sole carbon source.
Liquid cultures. Conidial or ascospore transfers were made on agar slants of minimal or complete medium (Davis & de Serres, 1970) . Cultures were grown at 25-30 "C until conidia were mature (7-10 d) as determined by conidial release when gently tapped. A conidial suspension was prepared by adding 1-5 ml of Vogel's N medium (Vogel, 1964) plus l.5:< (w/v) glucose to the culture tube and vortexing it vigorously. The suspension was mixed with the above medium to obtain a final volume of 6 ml (in 30 ml vials) or 25 or 50 ml (in 125 or 250 ml Erlenmeyer flasks, respectively). The density of the final conidial suspension was not determined but it was visually comparable to suspensions containing 105-107 conidia ml-I. The cultures were grown on gyratory shakers at 200-240 r.p.m. at the desired temperature for 14-18 h. For examinaton of phenotype, a drop of culture suspension was observed microscopically under low magnification.
Genetic techniques. Culture media, crossing techniques, the procedure for obtaining ascospore progeny, and tetrad analysis were as described by Perkins (1986) .
Growth rate. Linear growth rate was measured on minimal agar medium (Vogel, 1964) supplemented with 1.5% glucose using the tube method of Ryan et al. (1943) .
Light microscopy. Unstained samples were mounted in lactophenol and viewed by Nomarski interference optics using a Leitz Ortholux microscope. Samples stained with cotton blue were cleared and mounted in lactophenol. These were viewed and photographed under bright-field illumination using a Leitz or Olympus research microscope.
Fluorescence microscopy. Conidial and germling nuclei were stained using the fluorochrome Hoechst 33258 (Raju, 1982) . The stained samples were mounted in a medium containing 90 ml glycerol, 10 ml sodium phosphate buffer (1 0 mM, pH 7-4), NaCl(175 mM) and 100 mg p-phenylenediamine to reduce fading (Moens & Pearlman, 1989) .
Samples were viewed with a Nikon Microphot FX epifluorescence microscope. Filter combinations were 330-380 nm excitation, 400 nm dichroic mirror and 420 nm barrier. Photographs were taken on Kodak Ektachrome 400 ASA film.
Results

Microcycle-conidiating strains from natural populations
Microcycle-conidiating strains of Neurosporu were discovered in the course of examining 20 strains from India for variations in colony morphology in submerged liquid cultures grown at 28-30 "C for 16-24 h. The majority of strains produced either thick suspensions or clumped mycelia composed of vegetative hyphae. In contrast, N . crassa from Vickramam and N . discreta from Bandipur (Table 1) produced thin homogeneous suspensions resembling a culture of bacteria rather than a filamentous fungus. The submerged conidia of strains Vickramam (Maheshwari, 1989) and Bandipur ( Fig. 1 ) had bypassed the mycelial phase and prematurely differentiated asexual spores (microcycle conidiation). Timecourse examination by light microscopy showed that the polarized growth of the conidial germ tube had become arrested. This was followed by multiple septation along the length of the germ tube, enlargement of cells, thickening of cross-walls, formation of disjunctor cells and eventual fragmentation of the chain of conidia. The morphological unit comprising the parent conidium and the unbranched or sparsely branched conidial germ tube bearing asexual spores is hereafter referred to as a microcycle structure. A total of 114 Neurospora strains from different geographical regions were scored for microcycle phenotype. Three conidiating (heterothallic) species were included in this study. Twelve strains showed microcycle development (Table 1 ) with significant phenotypic differences in the branching of microcycle structure, enlargement of conidia and disjunctor cells.
In several strains, notably Vickramam, Bandipur, Bangalore 1989-10 and P1913 some cells in the microcycle structure oozed out protoplasm and became empty (Fig. le) . Such cells were present in exceptionally high numbers in 36-48 h cultures of strains Vickramam and Bandipur. It is not clear whether these cells facilitate the disarticulation of the chain of conidia.
Considerable variation existed in the enlargement of conidial cells in microcycle structure. In Vickramam, the conidia became exceptionally enlarged by 48 h, attaining a diameter of 25 pm. Although the common pattern of conidiogenesis was by an arthric process, in a few strains a phialidic process of conidiogenesis (Turian, 1976; Cole, 1986) was also observed in which the microcycle structures had vacuolated cells bearing microconidialike structures. This type of conidiogenesis was observed at 22 "C in 5-10% of germinated conidia in strains P3002 and P3003, and in 35% of germinated conidia in P4342.
Aerial versus microcycle conidiation
In mycelial cultures, grown either on agar or on liquid in stationary flasks, the conidiophores produced from aerial hyphae of Vickramam or Bandipur were branched structures as in wild-type Neurospora. These conidiophores produced macroconidia (blastoconidia) by a process of successive apical budding (Fig. 2) .
In agitated liquid cultures, the morphology of microcycle structures of strains Vickramam and Bandipur was so different that they might not be recognized as belonging to Neurospora. The microcycle structures were either unbranched or very sparsely branched. Macroconidia were produced chiefly by septation and disarticulation of germ tubes (arthroconidiation). To determine if they were viable, the microcycle structures were transferred onto agar medium. The conidial cells in the microcycle structures germinated rapidly (Fig. 2c) . By contrast, their in situ germination in liquid medium was poor. Submerged germinated conidia were present in low numbers but these are thought to have been those which had contacted the surface and initiated development before being swept back into the liquid. A ring of mycelium was usually present on the wall of the flask at the liquid-air interface.
Microcycle conidiation was a discontinuous process. A new batch of conidia had to be prepared from a mycelial culture for repetition of the cycle.
Inheritance of the microcycle conidiation phenotype Vickramam A was crossed to wild-type 74-ORS-6a. Randomly isolated ascospores showed up to 70% germination. About 10% of the resultant progeny conidiated poorly or were aconidiate and these were discarded. Conidia were incubated in liquid medium on a shaker. The progeny showed variations of phenotype. Some progeny cultures produced homogeneous growth of low density which settled down in the culture flask. The short germ tubes had differentiated structures resem-1976). The phialidic type was observed in cultures grown bling asexual spores. Although none of this set of at 22°C and resulted in the formation of structures progeny cultures possessed a phenotype exactly like resembling microconidia. Germ tubes producing microVickramam, their development was unambiguously conidia-like structures were mixed with those showing microcyclic. A set of progeny grew as dispersed cultures the arthric type of conidiogenesis. of intermediate density. The germ tubes were longer and had differentiated conidiophore-like structures at their apical ends. Yet another set of progeny cultures produced Derived microcycle conidiating strains clumped mycelial growth of high density.
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To obtain strains for genetic analysis of microcycle conidiation, representative progeny cultures from 74-microcycle conidiation (Table 2 ). The predominant ORS-6a x Vickramam A showing different conidial pattern of conidiogenesis was of the arthric type, phenotypes (blastoconidia or arthroconidia) were selresembling the parent strain Vickramam. In addition, ected and purified by backcrossing to the Oak Ridge new conidial phenotypes appeared in the progeny. These wild-type. Characteristics of the derived strains are conformed to the blastic and the phialidic types (Turian, shown in Table 3 .
In a total of 153 progeny from four crosses, 45 showed Microcycle conidiation in Neurosporu crussu 2 109 Strain RM 1-3A differed from the wild-type in two clearly defined ways. First, it grew more slowly than the wild-type: 2.2 mm h-I on agar medium at 34 "C compared to 5-0 mm h-' for the wild-type. Growth was faster (3.0 mm h-l) at 25 "C but still less than the wild-type. Second, in. shaken liquid cultures, the germinating macroconidia produced a series of multinucleate cells by successive apical budding with septa appearing at positions of constrictions (Fig. 3) . This pattern of development was analogous to that of blastoconidia produced by aerial hyphae in agar-grown cultures of wild-type N . crassa (Springer & Yanofsky, 1989) . Therefore, RM 1-3A was considered a microcycle blastoconidiating strain. However, unlike the blastoconidia produced by aerial hyphae, those produced in submerged cultures were swollen and were not observed to separate. Sometimes the terminal or the basal cell showed a tendency to revert to hyphal growth.
Strains RM 5-21A and RM 39-8A produced microconidia (Fig. 4) or arthroconidia (Fig. 5) , depending on the culture temperature. Their growth rate on agar medium was indistinguishable from the wild-type. In submerged cultures at 22 "C, the cells in the unbranched or the sparsely branched microcycling structures abstricted small spherical or ovoid uninucleate cells. Beginning 14-18 h after the initiation of the culture, such cells were produced in great abundance; up to lo7 cells ml-' could be obtained in 24 h. These cells were comparable to microconidia of the peach fluffy ( p e J I ) and fluffy dingy (Jl;dn) mutant strains of N . crassa in ontogeny, size, shape and nuclear number and were therefore regarded as microconidia. The microconidia produced in the microcycle system, like those produced by pe Ji and fl;dn, were greenish-brown.
By contrast, when RM 5-21 A or RM 39-8A were grown at 30 "C differentiation of microconidia was nearly completely suppressed. The germ tube hyphae showed prominent septa in 12 h. The cross-walls then thickened and the cells separated. This type of conidial development was similar to that of arthroconidia as described and illustrated by Springer & Yanofsky (1989) . Arthroconidiogenesis and microconidiogenesis were sometimes observed at 22 "C in microcycling structures produced from opposite sides of same germinating conidium (Fig.  5 c) .
Some interaction between genes was apparent in the expression of microconidiogenesis. Whereas RM 5-2 1 A and RM 39-8A were highly microconidiogenic at 22 "C, neither the Vickramam parent nor the progeny from its cross x OR were microconidiogenic. Microconidiogenesis was more pronounced in the fifth and the sixth than in the fourth generation progeny.
A gene controlling microcycle blastoconidiation
Strain RM 1-3A was crossed to wild-type, and progeny from random ascospores were assayed for the microcycle blastoconidiation phenotype. Microcycle blastoconidiation segregated 1 : 1 with the wild-type phenotype (23 microcyclic : 20 wild-type), demonstrating a single gene difference. The gene responsible for microcycle blastoconidiation (mcb) was mapped by crossing an mcb strain to an alcoy linkage tester which contains three marked chromosomal interchanges (Perkins et al., 1969) . mcb showed linkage to cot-I (27 % recombination) in alcoy, indicating that it is located in either linkage group IV or V. A follow-up cross showed close linkage of mcb to al-3 (3.2% recombination) in linkage group VR (Table 4) .
A gene controlling microcycle microconidiation and microcycle art hroconidia tion, depending on temperature To resolve whether the temperature-dependent switch in production between microconidia and arthroconidia was due to a single gene, RM 39-8A was crossed to wild-type 74-ORS-6a. Four groups of eight shot ascospores (unordered tetrads) were collected and the phenotypes of progeny cultures were determined in shaken cultures at both 22 and 30°C. The microcycle and the wild-type phenotypes showed 1 : 1 segregation. All microcycleconidiating cultures which produced microconidia at the lower temperature differentiated arthroconidia at the higher temperature, suggesting that the two patterns of conidiogenesis are controlled by a single gene. The results demonstrated that a single gene, designated rncm, controls both microconidiation and arthroconidiation, the switch determining the conidiogenic pathway being dependent on the temperature of incubation. In crosses with the linkage tester (a1coy;csp-l or alcoy), mcrn showed nearly 50% recombination with all linkage markers (data not shown). This indicated that rncrn is located towards the end of one of the chromosome arms. A distal location of rncrn was confirmed by crossing the rncm microcycle strain to spore killer testers (Perkins et al., 1986) . Second-division segregation of rncrn attained a frequency of 65 % in crosses with Sk-2K (data not shown).
Based on the above information rncrn was crossed to linkage testers bearing distal markers. rncm was subsequently located in linkage group IIL, very close to ro-7 (1.4% recombination) ( Table 5) .
Interaction between rncb and rncrn
To study the interaction of the non-allelic genes rncb and mcm, unordered tetrads from 17 asci were isolated from the cross mcb x mcm. The ascus types obtained were 3 parental ditypes (PD), 3 nonparental ditypes (NPD) and 11 tetratypes (T). The NPD class showed wild-type and microcycle blastoconidiation phenotypes in equal frequency. As the genotype mcb;rncrn produced only blastoconidia in liquid shake cultures at 22 or 30°C, it was inferred that mcb is epistatic to rncm.
Discussion
The present work documents the existence of microcycleconidiation strains of Neurospora which sporulate precociously in liquid medium under continuous agitation. Microcycle conidiation has been considered an artificial system (Dahlberg & Van Etten, 1982) , there being no natural role for this event. However, the reported occurrence of this phenomenon in several fungi in response to cultural manipulations (Smith et al., 1981) and the finding that a single gene can mediate the transition from vegetative growth to sporulation in naturally occurring fungi (Adams et al., 1988; this study) in response to an environmental signal suggests that microcycle conidiation may have a role in nature. This mode of development will allow fungi to reproduce in the briefest possible time. It may be a facultative developmental capability in some fungi which is expressed in response to as yet uncharacterized signals.
Is the microcycle conidiation a telescoped version of the normal conidiation in aerial hyphae or do the two differentiation proceses represent independent developmental pathways? The two processes may be compared with respect to the patterns and order of conidiogenesis and the cultural conditions under which they occur.
Microcycle conidiation in the wild strains differs from normal conidiation by being primarily arthroconidiogenic, by early conidiation (12-14 h) and by occurring when nutrients are not limiting. Moreover, a single microcycle structure generally showed a single conidial phenotype. More striking were the similarities in conidial ontogeny and in nuclear behaviour in the two modes of conidiation under consideration. It is yet to be demonstrated, however, whether genes differentially expressed during aerial conidiogenesis (Berlin & Yanofsky, 1985) correspond to those which are expressed during microcycle conidiation.
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The majority of ascospores produced in crosses of Vickramam to N. crassa wild-type were viable. The appearance of new conidial phenotypes among the microcycle conidiating progeny in backcrosses of Vickramam to wild-type showed that more than a single gene is involved in the control of microcycle conidiation phenotype. The number of microcycle-conidiating progeny recovered in fl with blastoconidial phenotype was significantly less than those with arthroconidial/microconidial phenotype. It was shown that the gene mcb produces blastoconidia whereas mcrn produces microconidia or arthroconidia depending upon incubation temperature. Appearance of the blastoconidial phenotype in f, progeny may be explained by assuming an interaction of mcb with a linked suppressor gene, su. Thus the parent strain, Vickramam, which produces microcycle structures showing arthroconidiation and not blastoconidiation, has the approximate genotype mcm;mcb su. Only segregants having genotype mcb or mcrn;mcb produce blastoconidia. It was not possible to differentiate phenotypically between mcb and rncrn;rncb because of epistasis of mcb. A strain with genotype mcm;mcb su in which blastoconidiation is suppresed is arthroconidiogenic/microconidiogenic, depending on growth temperature.
Complex gene-interaction was also indicated in the control of microcycle microconidiation. Regardless of the temperature of cultivation, production of microconidia did not occur in microcycle structures of Vickramam, although they were produced in backcrossed progeny. Since their numbers increased in successive backcrosses to the wild-type, rncm appears to be quantitatively affected by modifier genes. Such an impression was also gained from crosses of mcrn to several strains with marker loci during attempts to map the locus, mcm being difficult to score in some genetic backgrounds.
Whether the microcycle-conidiating strain produced microconidia or arthroconidia appeared to depend on a switch mechanism in which incubation temperature was important. A temperature-dependent switch in conidial phenotype was first reported by Grigg (1960) who found that N. crassa mutant col-1 ;m is microconidiate at 25 "C and macroconidiate at 35 "C. A similar observation was made by Guignard et al. (1984) in St Lawrence STA (FGSC no. 262) and Lindegren 1A (FGSC no. 354) strains in which microcycle conidiation was induced by nitrogen limitation.
A simple explanation for the action of the genes mcb and mcm is that they are master regulatory genes which ensure the proper timing of expression of groups of conidiation-specific structural genes whose products all act within a developmental pathway. The controlling genes presumably respond to specific environmental parameters such as pH, temperature, nutrient type and concentration. Such an envisaged function of mcb and mcrn fits the definition of homeotic genes (Gehring,
1987).
The microcycle-conidiating strains mcb and mcm derived from Vickramam in the Oak Ridge wild-type N. crassa background have promise as research tools. In contrast to the mixed population of conidial types in agar-grown cultures of most laboratory strains, the microcycle-conidiating strains enable the exclusive production of any of the desired type of conidia in relatively large quantity with a high degree of synchrony in the short time of 12-24 h. This suggests the usefulness of the microcycle-conidiating strains in studies of developmental gene regulation. The strain of mcrn genotype offers a rapid and clean way of obtaining large numbers of pure microconidia for genetic and biochemical experimentation. The relatively high germinability of these microconidia (up to 35%; unpublished results) should facilitate the production and detection of mutations. The strains have high fertility in crosses, and desired markers can be introduced. The ability to produce microconidia exclusively should prove valuable in genetic transformation studies. 
